A variety of potentially important macroscopic Clcurrents have been described in the heart. Although the single-channel properties of the cAMP-dependent current (ICI.CAMP) have been well described, the single-channel equivalents of the other forms of cardiac Clcurrent remain unknown. Unlike Icl.,~, many of these currents show prominent outward rectification in the presence of symmetrical transmembrane Cl-gradients and sensitivity to disulfonic stilbene Cltransport blockers. We used the patch-clamp technique to search for single Cl-channels in inside-out patches from rabbit atrial cell membranes, under conditions minimizing the chances of observing channels carrying Na+, Ca'+, or K'. Under symmetrical Cl-conditions, single-channel activity was seen in 14 (9%) of 155 patches. Channels showed strong outward rectification and a unitary conductance of 60±3 picosiemens (mean±SEM) at positive voltages. The currentvoltage relation was not altered by replacement of cations by E a arly studies of cardiac electrophysiology sug-
gested the participation of Clcurrents in the cardiac action potential,1-3 but subsequent work led to doubt about the importance of cardiac Clcurrents. The discovery of a cAMP-regulated Clcurrent (I'cCAmp) in the heart in 19894-6 caused renewed interest in the potential role of Cl-channels in regulating cardiac electrical activity. Since then, several other types of cardiac Clcurrents have been reported, including a Ca2+-activated current,7-9 a current induced by cell swelling or stretch,10-12 a background current,13 a current elicited by stimulation of purinergic receptors, 14 and a Clcurrent resulting from phosphorylation by protein kinase C (PKC).1516 Cardiac IC1.cAMP is carried by a small-conductance (12to 15-picosiemen [pS] ) channel with a nearly linear current-voltage (I-V) relation under symmetrical Cl-conditions17-19 and with properties that strongly resemble those of channels encoded by the cystic fibrosis transmembrane conductance regulator (CFTR) gene. [20] [21] [22] [23] In contrast to IC1.CAMP, most of the other cardiac Clcurrents studied to date display greater outward rectification under symmetrical Clgradients, and their single-channel equivalent has not yet been identified. 24 The purpose of the present experiments was to determine whether single Cl-channels can be identified in inside-out membrane patches from rabbit atrial myocytes and, if so, to establish the bio-the impermeant cation N'-methyl-D-glucamine (NMDG) and shifted as expected for a Cl-selective channel when methanesulfonate was substituted for Cl-. The Cl-transport blockers DIDS (diisothiocyanatostilbene-2,2'-disulfonic acid, 100 ,umol/L) and SITS (4-acetamido-4'-isothiocyanatostilbene-2,2'-disulfonic acid, 1 mmol/L) strongly and reversibly inhibited channel activity when added to the bath and caused channel flickering suggesting open-channel block. Ensembleaverage currents showed no time dependence, and the form of the ensemble-average current-voltage relation was similar to that of macroscopic background Cl-current. We conclude that single Cl-channels showing outward rectification and sensitivity to disulfonic stilbenes are present in rabbit atrial cell membranes and may play a role in the regulation of cardiac electrical activity. (Circ Res. 1994; 75:789-795.) Key Words * ion currents * Clchannels * cardiac arrhythmias * cell swelling * action potential physical properties of these channels and their response to disulfonic stilbene Cl-transport blockers.
Materials and Methods
Single myocardial cells were obtained from rabbit left atrium by using a previously described enzymatic cell dissociation technique. '3,25 All cells studied were rod-shaped, exhibited clear cross striations, and lacked any visible blebs. The inside-out patch configuration was used to record singlechannel currents.26 Borosilicate glass electrodes (outer diameter, 1.5 mm) with resistances of 2 to 5 Mfl when filled were connected to a patch-clamp amplifier (Axopatch 200, Axon Instruments). A bridge (3 mol/L KCl in agar salt) between the bath and a Ag/AgCl reference electrode immersed in pipette solution was used to minimize changes in liquid junction potential, and junction potentials were zeroed before formation of the membrane-pipette seal. After a gigaohm seal had been established, the membrane patch was excised and superfused at 3 mL/min and 301PC (temperature regulated by a temperature control device purchased from N.B. Datyner, Stony Brook, NY). Commercial software from Axon Instruments (PCLAMP, FETCHEX, and FETCHAN) was used for voltage-clamp protocols, data acquisition, and data analysis. Voltage-clamp pulses were generated by a 12-bit digital-to-analog converter, and membrane current data filtered with a 5-kHz low-pass filter (eight-pole Bessel filter) were acquired by an analog-to-digital converter at 100 kHz (Medical Systems, Corp) and stored on videotape (at 5 kHz) or on the hard disk of an IBM PC/AT-compatible computer (at 1 kHz). All command voltages and membrane currents are displayed as they would be measured at the intracellular side of the membrane; ie, the values given are the negative of the values measured by the pipette at the extracellular surface.
The pipette (extracellular side of membrane) and bath (intracellular side) solutions were designed to prevent currents through K' and Ca 2 channels. Na+ currents were minimized by holding the membrane at 0 mV, to inactivate Na+ channels, between test pulses. No ATP or kinases were included in the solutions. To minimize the ionized [Ca2+] on the intracellular side of the membrane, we omitted Ca2+ in the bath and included 5 mmol/L EGTA. The standard pipette solution contained (mmol/L) NaCl 130, CsCl 5.4, CaCl2 1.0, MgCl2 0.8, CdCI2 0.1, NaH2PO4 0.33, HEPES 10, and glucose 5.5, pH 7.4 (NaOH). The bath solution contained (mmol/L) NaCl 116, CsCl 20, MgCl2 1.0, EGTA 5.0, and HEPES 10, pH 7.4 (NaOH). To evaluate the ionic selectivity of channels studied, we used equimolar replacement of NaCl in the bath or pipette solution by sodium methanesulfonate (Sigma Chemical Co). In some experiments, the large, impermeant cation N'-methyl-Dglucamine (NMDG, obtained from Sigma) was used to replace Na+ and Cs+ ions on both sides of the membrane. The specific compositions of altered pipette and bath solutions are indicated in the appropriate figure legends. The disulfonic stilbene Cltransport blockers DIDS (4,4'-diisothiocyanatostilbene-2,2'-disulfonic acid) and SITS (4-acetamido-4'-isothiocyanatostilbene-2,2'-disulfonic acid) were purchased from Sigma and made up as fresh solutions on the day of each experiment.
To compare I-V properties of the single Cl-channel current with those of the macroscopic background Cl-current13 under similar conditions, the whole-cell configuration of the patchclamp technique was used. Pipettes had a tip resistance of 2 to 5 MQl when filled with a solution containing (mmol/L) NaCl 118, CsCl 20, MgCl2 1.0, EGTA 5.0, and HEPES 10, pH adjusted to 7.4 with NaOH. The bath solution contained (mmol/L) either NaCl 130, CsCl 5.4, MgCl2 0.8, CaCl2 1.0, NaH2PO4 0.33, CdCl2 0.1, dextrose 5.5, and HEPES 10, pH 7.4 (NaOH), to study symmetrical Clconditions or sodium methanesulfonate 116, CsCl 20, MgCl2 0.8, CaCl2 1.0, NaH2PO4 0.33, CdCl2 0.1, dextrose 5.5, and HEPES 10, pH 7.4 (NaOH) to study the effect of reducing [Cl]o on macroscopic currents. Ensemble averages of single-channel current were obtained by analyzing data from patches with a single channel and by averaging the recordings of 15 two-second pulses to each of a variety of voltages from a holding potential of 
Results
Under symmetrical Clconditions, 11 (9%) of 117 patches exhibited single-channel currents, which reversed at 0 mV and showed outward rectification ( Fig  1) . The majority of patches containing channels showed activity immediately after excision from the cell (6 of 11 patches studied in symmetrical Cl-), but some patches (5 of 11) required strong depolarization (to +80 mV or greater) for 1 to 10 minutes before consistent channel activity was seen. Once a channel was activated by depolarization, channel opening was observed at membrane potentials from -80 to +80 mV and was stable for 20 to 100 minutes. Under symmetrical Clconditions, the ratio of the absolute value of mean current at +70 mV (3.6+0.2 pA, mean±SEM, n=7) to that at -70 mV (-1.3+0.1 pA) averaged 2.9+0.2, indicating substantial outward rectification. The average slope conductance of the channel under symmetrical Clconditions was 60±3 pS over the range of 0 to +80 mV. Channel activity showed long-duration openings, which were interrupted, at all voltages, by either brief or longer-lasting closing events (Fig 2A) . In 7 of 11 patches, amplitude histograms of the type shown in Fig  2B were consistent with the presence of only one channel with single, dominant closed and open states (indicated by the letters C and 0 in the figure). Mean P0 ( Fig 2B) was 0.84+0.04 at +70 mV (n= 11) and was not voltage dependent, averaging 0.82±0.07 at +50 mV, 0.84+0.04 at +30 mV, 0.79+0.03 at -50 mV, and 0.81+0.09 at -70 mV. No obvious changes in channel kinetics were observed over time after voltage steps from the holding potential of 0 mV. Openand closedtime histograms of current at +70 mV are shown in Fig  2C and 2D . In four experiments, patches containing only one channel were held for sufficiently long periods to permit detailed kinetic analysis. Open and closed events were both fitted by biexponential functions, with time constants averaging 43+6 and 988±107 milliseconds, respectively, for open events and 10±3 and 697+116 milliseconds, respectively, for closed events.
Ionic selectivity was assessed by the ion-substitution experiments illustrated in Fig 3. When a patch was exposed to 139 mmol/L Clin the pipette (extracellular side) and 22 mmol/L Clin the bath (intracellular) solution, outward currents remained large, but inward currents were strongly reduced ( Fig 3A) compared with results with symmetrical [Cl-] (Fig 1) . The reversal (Fig 3D) . The predicted slope of a Cl--specific channel would be somewhat higher (60 mV per decade, dashed line in Fig 3D) , suggesting that the channel may have some permeability to the anion (methanesulfonate) substituted for Cl-. When cations (Na+ and Cs+) were replaced by NMDG under symmetric Cl-conditions, single-channel currents (Fig 3E) were recorded with approximately the same frequency (3 [8%] of 38 patches) as with the standard solutions described above. I-V curves recorded in NMDG-containing solutions (Fig 3C, A) are shown to be superimposed on those recorded in solutions containing Cs+ and Na+ (Fig 3C, o) , suggesting no significant cation permeability of the channel.
Disulfonic stilbene compounds are effective blockers of a variety of cardiac7-9,13,24,27 and noncardiac28-30 Clcurrents. Therefore, we assessed the effects of two members of this class, DIDS and SITS, on singlechannel activity. The addition of 100 ,umol/L DIDS ( Fig  4A) The final series of experiments was performed to relate single-channel currents to a possible macroscopic equivalent, background Clcurrent.13 Whole-cell currents were recorded under ionic conditions similar to those used in single-channel experiments. In the presence of a symmetrical Cl-gradient, an outwardly rectifying current was recorded (Fig 5A, tracings at a) , with a mean V, in seven experiments of -0.4±1.3 mV (calculated Cl-equilibrium potential, -0.2 mV). When [Cl]0 was reduced, macroscopic outward currents became much smaller ( Fig SA, tracings at control values when symmetrical Clconditions were restored (Fig 5A, tracings at c) . Currents similar to those shown in Fig 5A (tracings at a) were recorded in five additional experiments in which NMDG was substituted for Na+ and Cs+ in the pipette.
Ensemble-average currents for single-channel experiments recorded during 2-second voltage steps are shown in Fig 5B. Voltage protocols are shown at the top of recordings at a and b, and two examples of singlechannel currents recorded in the presence of symmetrical Clconditions are shown in the middle. Ensembleaverage currents are shown at the bottom, as obtained with pulses to -60 mV (Fig 5B, tracings at a) and +60 mV (Fig 5B, tracings at currents, ensemble-average currents showed outward rectification and a lack of time dependence. Fig 5C shows the mean I-V relation for whole-cell currents under symmetrical Cl-conditions (o, n=7) and after Cl-replacement in the bath (e, n=7). Mean ensemble-average currents are also shown (A, n=4, scale at right). The form of the I-V relation for ensembleaverage currents is similar to that of whole-cell currents obtained with similar (symmetrical Cl-) conditions.
Discussion

Relation to Previously Described Cl-Channels
We have shown that single Cl-channels displaying strong outward rectification and sensitivity to disulfonic stilbene Cltransport blockers are present in a significant number of membrane patches from rabbit atrial myocytes. To our knowledge, this is the first such report in the literature. Previous published reports of single Cl-channel activity in cardiac cells have been limited to a low-conductance channel activated by cAMP17-19 and resembling single Cl-channels encoded by CFTR20-23 and a very large-conductance (400-pS) channel seen only in neonatal rat hearts.31 The conductance, pharmacologic, and rectification properties of the channel we studied resemble those of outwardly rectifying Clchannels (ORCCs) previously described in secretory epithelia,'2 neuroglia,3 fibroblasts,34 and lymphocytes.3035 Like ORCCs in other systems, the cardiac channel has a conductance in the range of 60 pS at positive voltages, rectifies strongly in the outward direction, may require strong depolarization to enter an active mode, and is sensitive to inhibition by disulfonic stilbenes. A Cl-channel with similar conductance properties was observed in 1982 in calf cardiac sarcolemmal preparations incorporated in artificial lipid bilayers,'6 but its properties and potential significance were unknown at the time.
Possible Functional Role
The properties of a variety of macroscopic Clcurrents in the heart, including Ca2-dependent,7-9 swelling-induced,10-'2 and purinergic currents,14 have recently been reviewed by Ackerman and Clapham.24 These currents may show outward rectification and are sensitive to disulfonic stilbenes.24 Low-conductance channels and macroscopic cAMP-dependent currents corresponding to CFTR show little rectification under symmetrical Cl-conditions,17'18 as do macroscopic currents resulting from activation of Cl-conductances by cAMP637 and by PKC.1516 Recent detailed studies also indicate that cAMP-dependent38 and PKC-activatedl6 Clcurrents are not inhibited by disulfonic stilbenes. Interventions that enhance or elicit macroscopic cardiac Clcurrents and have also been found to increase ORCC activity in noncardiac cells include cell swelling or stretch39-41 and purinergic stimulation with extracellular ATP. 42 Our finding of channels with the properties of ORCCs in the heart raises the possibility that ORCCs may underlie macroscopic cardiac Clcurrents. The most obvious candidate macroscopic current to correspond to ORCC is the background Clcurrent.13 Fig SC shows that the form of the I-V relation of background macroscopic Clcurrent is similar to that of ensemble-average ORCC current, consistent with this possibility. The potential relation between ORCC and outwardly rectifying macroscopic cardiac Clcurrents requires further investigation.
We observed ORCCs in the absence of Ca2' and in the presence of 5 mmol/L EGTA in the bath, indicating that cardiac ORCCs in cell-free membrane patches may be active and have a high probability of opening in the absence of free intracellular Ca2' and weighing against ORCC as the channel underlying Ca2+-dependent Clcurrent. There is evidence that endogenous cytoplasmic inhibitors prevent ORCC from opening in intact cells. 43, 44 Therefore, it is possible that an increase in free intracellular Ca21 could liberate ORCCs from endogenous inhibitors, permitting them to enter an active mode and increasing Clconductance. Arguments to support this type of regulation of ORCCs by intracellular Ca2' have been put forward on the basis of data obtained in epithelial cells. 45 Preliminary data have been presented that suggest a potentially important role for disulfonic stilbene-sensitive Clcurrents in mediating action potential abbreviation caused by hypoxia in rabbit hearts. 46 Since ORCCs are, in contrast to cAMP-dependent Clchannels, sensitive to disulfonic stilbenes, they may underlie such Clcurrents. The replacement of extracellular Clby nitrate ions protects against ventricular fibrillation induced by myocardial ischemia and reperfusion in isolated rat hearts,47 and this has been interpreted as suggesting a role for Clcurrent in ischemic cardiac arrhythmias.
Limitations
We studied single Clchannels only in cell-free patches. Potential functional roles of the channels that we identified need to be assessed critically with the use of cell-attached patches. Even with cell-attached patches, potential modification of the membrane under the patch by suction, pipette solutions, and seal formation could lead to the introduction of artifacts. We used HEPES to buffer pH in the bath and pipette solutions. Buffers like HEPES have the potential to modify the properties of ORCCs,48 and our results must be interpreted in this light. On the other hand, most previous studies of ORCCs in noncardiac tissues were performed with HEPES as a buffer.
We found that the addition of DIDS and SITS to the bath effectively inhibited single-channel activity from the cytoplasmic side of the membrane. In previous studies of the inhibition of macroscopic cardiac Clcurrents by disulfonic stilbenes, the latter were added to the superfusate and would have achieved access from the extracellular side. Because the anionic groups of disulfonic stilbenes limit their ability to traverse the membrane,49 caution must be exercised in relating our findings regarding DIDS and SITS sensitivity of singlechannel currents to the response of macroscopic Clcurrents to superfusion with the same compounds. There is evidence that disulfonic stilbenes can permeate across the cell membrane, albeit to a limited extent, 49 and that such compounds can effectively block ORCCs at a single blocking site from either side of epithelial membranes.28,29
Conclusions
We have found that single Clchannels, which demonstrate properties different from those of cAMPdependent Clchannels, are present in a significant number of inside-out rabbit atrial membrane patches. The properties of these channels identify them with an outwardly rectifying Clchannel previously described in many noncardiac tissues. Like a variety of macroscopic cardiac currents, these channels show outward rectification in the presence of symmetrical [Cl-] and sensitivity to inhibition by disulfonic stilbene compounds. The channels that we identified are a candidate to underlie macroscopic Clcurrents of potential importance in the regulation of cardiac electrical activity.
